SUBSTITUTED POLYACETYLENES BY CYCLOPOLYMERIZATION : POLY (1, 6-HEPTADIYNE) AND POLY (PROPIOLIC ANHYDRIDE)
H. Gibson We were concerned about mechanical properties, flexibility, conductivity levels, solubility, processability, oxidative stability, etcL Based upon the perceived requirement of a conjugated polyene structure, substituted polyacetylenes were the obvious way t o tailor these characteristics.
Unfortunately the literature provided ample evidence of the sluggish nature of substituted polyacetylenes toward polymerization. /7/ However, we were aware of the utility of cyclopolymerization in the area of polyolefins /8/ and also were aware of the work of Stille and Frey on t h e cyclopolymerization of 1,6-heptadiyne t o a soluble polymer of proposed structure 1 using a heterogeneous Ziegler-Natta catalyst. /9/ With t h e initial objective of determining if a. substituted polyacetylenes could be polymerized t o free-standing films and b. then converted t o a highly conductive state, we began our investigation of this cyclopolymerization in early 1979.
DISCUSSION
Free-standing films of poly(l,6-heptadiyne) can indeed be prepared in situ using a number of homogeneous Ziegler-Natta catalysts. Spectroscopic studies (infrared, nuclear magnetic resonance) using model monomers and the polymer film prepared from 1,6-heptadiyne-1,7-d2 supported structure 1 for the polymer. As reported by Stille and Frey for the soluble polymer, /9/ the insoluble "pay-1,6~ also underwent a thermal rearrangement which converted i t from a lustrous golden-green opaque film t o a transparent red-orange film. Again by spectroscopic studies using model compounds, structure 2 was indicated for the rearranged polymer.
Poly-1,6 is distinct from polyacgtylene in its morphology. The latter is very porous, being compfised of fibrils of 100-800 A diameter, /lo/ and has an apparent density /6/ of about 0.4 g/cm . Poly-1,6 has very little void space and displays a number of morphologies depending upon polymerization conditions. While polyacetylene prepared by the Shirakawa catalyst is 80-90% crystalline, /11/ poly-l,6 displays no crystallinity t o x-ray diffraction, although differential scanning calorimetry of some samples shows a sharp transition (endotherm) in the range 164-184OC, perhaps indicative of small crystalline domains.
With these contrasts in molecular structure, morphology and crystallinity between poly-1,6 and polyacetylene, we undertook a study of the oxidation (doping) of poly-1,6 t o a conductive state. Indeed, exposure t o iodine vapor-ii vacuo a t r c y n temqerature successfully raised the conductivity from an initial value of 10 s/cm t o 10 t o 10 (s/cm) over the period of one hour, (Figure 1 ) a r a t e similar t o t h a t for polyacetylene. However, t h e conductivity-time curve proceeded through this maximum value and then decreased by about a factor of 10 before leveling (Figure 1) . If the iodine source were removed a t the maximum, t h e conductivity decreased by only a factor of about four. This was hypothesized t o be due t o iodine catalyzed rearrangement of 1 t o 2, resulting in loss of conjugation. To test this hypothesis, the "doping" was carried ,ut aF-78' C in toluene saturated with iodine; a value of 0.4 s/cm was reached after ten days with no sign of loss of conductivity, until the temperature was raised (Figure 2 ). This corresponds t o a room temperature value of 5 t o 10 slcm based upon the activation energy of 3 kcal/mole (0.leV). This value may be compared to the 10-20 s/cm we observed fotjodine treatment of polyacetylene. AsF5 treatment of poly3 1,6 led to a conductivity of 10 s/cm aL25OC, in comparison t o a reported-value of 10 slcm for polyacetylene. /61
Iodine content on an I atom per double bond basis is the same (0.50) for poly&6 and polyacetylene prior to vacuum treatment. Vacuum treatment (26 hrs., 25OC, 10 Torr) leaves only 0.11 I atoms per double bond, compared t o 0.30 for polyacetylene. Similarly poly-1,6 after vacuum treatment retains 0.11 mole AsF5 per double bond as compared t o 0.28 for polyacetylene.
The oxidation (doping) process in the case of iodine has been monitored by electron spin resonance (esr) and infrared and optical spectroscopies. Esr reveals a narrowing of the initially broad ( AH %20G vs. 9G for cis-and 0.8G for trans-polyacetylene) t o % 10G upon iodine vapor treatmRt. The number o f p i n s increases withfirst order kinetics. By contrast with polyacetylene there is no change in linewidth and the radical population decreases with f i r~l order kinetics. 1121 In the infrared spectra three broad features a t 750, 1100 and 1 3 y cm . appear (Figure 3) , whereas in polyacetylene sharp lines appear 1131 a t 900 and 1370 cm-.
Optically, oxidation with iodine causes the peak a t 2eV (cf. 1.9 for polyacetylene) /6/ to completely disappear and a new peak t o appear a t 0.9eV (Figure 4) (cf. 0.8eV for polyacetylene). 161
These results are consistent with the following explanation. In both systems removal of *-electrons of double bonds by the acceptor (iodine) can lead t o radical cations (polarons). In polyacetylene due t o symmetry there is no barrier t o radical coupling t o reform a bond and leave two cations (positive solitons), whereas due t o the assymmetry of poly-l,6, nondegenerate radical cation (polaron) structures result and there is a finite barrier t o such a process. This is manifested by a buildup of spins in the esr spectra of poly-1,6 similar in mechanism and r a t e t o the loss of spins in polyacetylene. The optical transition in poly-l,6 is most likely then due to a transition between the radical s t a t e and the empty n-orbital of the radical cation (polaron), while that in polyacetylene is a transition from the valence band to the empty free-radical (soliton) orbital midway between valence and conduction bonds. /6/ Thus a number of contrasts exist between poly-1,6 and polyacetylene: morphology, crystallinity, undoubtedly molecular weight, the dopant content and the final s t a t e after doping. Yet in the absence of the rearrangement poly-1,6 is capable of similar conductivities, albeit a t higher activation energy (O.leV vs. 0.04eV 161) than polyacetylene. Thus one may question whether these features of polyacetylene are prerequisites for its high conductivity.
B. Poly(propio1ic Anhydride)
In a n attempt t o alleviate the oxidative problem encountered with polyacetylene 1141 and poly-1,6, 1151 we have examined the cyclopolymerization of propiolic anhydride (3) t o polymer (4). This process was reported t o yield polymer of molecular weight up t o 22000 ( 2! 0 dogble bonds) by anionic cyclopolymerization using mild nucleophiles such as I , CNS , C1 in dimethylformamide (DMF) /16/ and by coordination polymerization using PdC12 in DMF. 1171
